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Transformation of Black Carbon  
in the Atmosphere 

“aged” diesel soot: Internal 
mixture of soot and sulfate Freshly emitted diesel soot 

Buseck and Pósfai, 1999 

   Freshly emitted soot is hydrophobic. 
   Transfer into internal mixture by condensation and coagulation. 
   Impact on optical properties, growth behavior and life time. 
   Challenge for models: Need to represent mixing state 

Aging 
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Aerosol Mixing State 

  Mixing state: Distribution of the per-particle composition 
  Aging: Evolution of mixing state 
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Model Representation of Black Carbon 

  Need atmospheric chemistry transport models on the 
regional and global scale to develop black carbon 
mitigation strategies  

  Representation of black carbon in these models is a 
weak link:  
•  Introduces unknown uncertainties in simulation  

  This project addresses this on a fundamental level:  
•  Parameter estimation 
•  Error quantification 
•  Testbed evaluations 

  Key enabling tool: PartMC (Particle-resolved aerosol 
model) 
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Objectives 

  Objective 1:  
•  Calculate key quantities for modeling black carbon effects 

relevant for climate simulations:  
•  aging timescale 
•  optical properties 
•  cloud condensation nuclei (CCN) number concentration  

  Objective 2:  
•  Quantify the error in these quantities in climate predictions 

resulting from inadequate representation of black carbon 
aerosol mixing state in existing models.  

  Objective 3:  
•  Provide a testbed for the evaluation of proposed new 

approximate aerosol modeling algorithms, including multi-
dimensional sectional models. 8 



What Are Particle-Resolved Aerosol Models? 

Particle 
1 

Particle 
2 

Particle 
3 

BC 3 10 1 
SO4 12 3 4 
OC 5 8 2 

BC 

SO4 

OC 
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•  No bins or modes 
•  Particles as vectors 
•  Treating multidimensional size distribution 



Why Particle-Resolved Aerosol Models? 

  Advantages: 
•  Efficient representation of multidimensional size distribution 
•  Advantageous whenever the per-particle-composition       

(= “mixing state”) is of interest: No assumptions about 
mixing state are needed. 

  Disadvantage: Expensive to run  
•  Each particle costs the same as one section or mode. 
•  Need 1,000 to 100,000 particles 
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Box Model PartMC-MOSAIC 
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  PartMC: Particle-resolved Monte Carlo aerosol model 
"   Stochastic treatments for emission, dilution, and coagulation 
" Riemer, N., M. West, R.A. Zaveri, and R.C. Easter, Simulating the evolution of soot 

mixing state with a particle-resolved aerosol model, JGR., 114, D09202, 2009. 
 

  MOSAIC: Model for Simulating Aerosol Interactions & Chemistry 
"   Deterministic treatments for gas photochemistry, aerosol 

thermodynamics, and dynamic gas-particle mass transfer 
" Zaveri, R.A., R.C. Easter, J.D. Fast, and L.K. Peters, Model for Simulating Aerosol 

Interactions and Chemistry (MOSAIC), JGR., 113, D13204, 2008. 
 

  Aerosol Properties Modules: 
"   Kappa-Köhler Model for CCN: Petters, M.D. and S.M. Kreidenweis, A single 

parameter representation of hygroscopic growth and cloud condensation nucleus 
activity, Atmos. Chem. Phys., 7, 1961-1971, 2007. 

"   ACKMIE Shell-Core Model for Optics: Ackerman, T.P. and O.B. Toon, Absorption 
of visible radiation in atmospheres containing mixtures of absorbing and non-
absorbing particles, Appl. Optics, 20, 3661-3668, 1981. 11 
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Evolution of Black Carbon Mixing State 

After 12 h 

Gasoline Soot 

Diesel Soot 

Cooking POA + Bkg 
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Particle-resolved 

Error Quantification 
Zaveri, Barnard, Easter, Riemer, West, JGR, 115, D17210, 2010  
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Parameter Estimation:  
Population Aging Timescales 

(Riemer et al., J. Aerosol Sci., 2010)  

  Aging criterion: Activation at supersaturation threshold St 
  Determine number of black carbon particles that transition 

from “fresh” to “aged” by comparing two successive time 
snapshots. 

  Infer aging timescale. 
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Population Aging Timescales 
(Riemer et al., J. Aerosol Sci., 2010)  
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Day: 
•  Fast aging 
•  Condensation dominated 
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Night: 
•  Slower aging 
•  Coagulation dominated 



Hypotheses 

Based on a very limited number of model simulations: 
  Hypothesis 1:  

•  First-order aging time scales, used in global models, are too 
long. 

  Hypothesis 2:  
•  SSA is underestimated when using internal mixture 

assumption. 

  Hypothesis 3:  
•  CCN number is overestimated when using internal mixture 

assumption. 

  Hypothesis 4:  
•  Semivolatile aerosol species can cause reverse aging. 
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Approach 

  Task A:  
Construct a suite of case studies for PartMC-MOSAIC, representative 
of different geographical locations and environments.  

  Task B:  
Validate PartMC-MOSAIC for selected scenarios against 
experimental data from recent field campaigns.  

  Task C:  
Compute key quantities in each case for black carbon impact. 

  Task D:  
Quantify errors in these key quantities due to simplifying assumptions 
in traditional aerosol models 

  Task E:  
Formulate numerical parameter estimates and usage 
recommendations for global and regional climate models.  19 



Task A: Construct a suite of case studies for PartMC-MOSAIC, 
representative of different geographical locations and 

environments.  

20 Scenario library of idealized urban plume scenarios 



Task A: Construct a suite of case studies for PartMC-MOSAIC, 
representative of different geographical locations and 

environments.  
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Task B: Validate PartMC-MOSAIC for selected scenarios against 
experimental data from recent field campaigns  

Particle-resolved modeling of an evolving ship plume in 
the English Channel (QUANTIFY study)  

22 

2390 A. Petzold et al.: Emission and transformation of particles from shipping

-8 -7 -6 -5 -4 -3 -2 -1 0
47

48

49

50

51
 23/07/2004
 30/07/2004

Corridor plumes

Maersk vessel

Falcon 

la
tit

ud
e 

(d
eg

 N
)

longitude (deg E)

Fig. 2. Falcon flight tracks for the ship corridor survey flight on 23
July 2004 and the single plume study on 30 July 2004. Short gray
bars indicate aged ship plumes in the English Channel, young ship
plume encounters were met along the indicated sailing route of the
MAERSK vessel (thick gray line).

airborne measurements. However, conclusions on the chemi-
cal key components of aerosol modes identified in the plume
can be drawn.

2.2 Airborne measurements

In the course of the ICARTT-ITOP experiment in 2004, the
DLR research aircraft Falcon was used to study fresh and
aged ship plumes at the exit of the English Channel towards
the Gulf of Biscay. The ship plume studies consisted of two
different parts. On 23 July 2004, a ship corridor survey flight
was conducted which traversed the English Channel perpen-
dicular to the major ship routes at a constant altitude of 300m
above sea level (a.s.l.). On 30 July 2004, a single plume of
a large container ship operated by the MAERSK shipping
company was extensively studied. Figure 2 shows the respec-
tive Falcon flight tracks with ship plume encounters inserted.
In both cases no ship tracks have formed.
On board the DLR Falcon, a comprehensive set of instru-

ments was operated for the in situ measurement of aerosol
microphysical properties of both the secondary volatile
aerosol and the primary combustion aerosol, and trace gases
H2O, NO, NOy, O3, CO, CO2, SO2, and meteorological pa-
rameters. The aerosol instrumentation consisted of six Con-
densation Particle Counters (CPC) set to different lower cut-
off diameters (Schröder and Ström, 1997), Diffusion Screen
Separators (Feldpausch et al., 2006), one Differential Mobil-
ity Analyser (DMA), one thermodenuder with two channels
set to 20�C and 250�C, two optical particle counters of types
Passive Cavity Aerosol Spectrometer Probe (PCASP 100X)
and Forward Scattering Spectrometer Probe (FSSP 300), and
one Particle Soot Absorption Photometer (PSAP; Bond et al.,
1999).

The combination of CPC and Diffusion Screen Separa-
tors with a DMA instrument and several optical particle
spectrometers covered the entire size range from smallest
particles in the nucleation mode (D

p

<0.01µm) to coarse
mode particles in the far super-micron size range. The
probed size range included optically active sub-micron par-
ticles (0.05µm<D

p

<1–2µm), coarse mode sea salt parti-
cles (D

p

>1µm) and particle sizes relevant for particle for-
mation processes (D

p

<0.02µm). The non-volatile fraction
in the sub-micron aerosol and the aerosol absorption coeffi-
cient were measured as well.
The aerosol population was subdivided into nucleation

mode particles (NUC) with D

p

<0.014µm, Aitken mode
particles (AITK) with 0.014µm<D

p

<0.1µm, and accumu-
lation mode particles (ACC) with 0.1µm<D

p

<3.0µm. De-
tails of this separation of size ranges according to the applied
instrumentation are given in Petzold et al. (2007), see also Ta-
ble 1 for a comprehensive compilation. The aerosol absorp-
tion coefficient �

ap

at a wavelength �=550 nm, which was
measured by the PSAP, can be converted to an “equivalent
BC” mass concentration BC

e

using a mass-specific absorp-
tion cross-section of 8m2 g�1 (Bond and Bergstrom, 2006).
The terminology “equivalent BC” follows a recommendation
by Andreae and Gelencser (2006), since this BC value is de-
rived from optical measurements and requires the assumption
of a certain mass-specific absorption cross-section. Alterna-
tively, this carbon fraction is also referred to as “light ab-
sorbing carbon” LAC (Bond and Bergstrom, 2006). Table 1
summarises the instrumentation of the aircraft.
If number or mass concentrations or aerosol absorption co-

efficients refer to standard temperature and pressure condi-
tions STP (273.14K, 1013.25 hPa), they are given as par-
ticles per standard cm3 (scm�3

), or µg per standard m3
(µg sm�3

). These concentration data correspond to mixing
ratios which do not depend on the respective pressure and
temperature during the measurement. Otherwise concentra-
tion data refer to ambient conditions.

2.3 The plume model

One key to further understanding of the atmospheric trans-
formation and processing of particles emitted from ships is
the transformation of the exhaust plume during expansion
and dilution. Von Glasow et al. (2003) proposed a Gaussian
plume dispersion model which describes the evolution of the
plume on a horizontal and a vertical scale. Dilution of the
plume takes place by expansion and associated entrainment
of marine background air. The model describes plume dis-
persion by two separate power laws for horizontal (w

pl

) and
vertical (h

pl

) plume dimensions

w

pl

(t) = w0
⇣

t

t0

⌘
↵

h

pl

(t) = h0
⇣

t

t0

⌘
�

(1)

Atmos. Chem. Phys., 8, 2387–2403, 2008 www.atmos-chem-phys.net/8/2387/2008/
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Task B: Validate PartMC-MOSAIC for selected scenarios against 
experimental data from recent field campaigns  
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Task B: Validate PartMC-MOSAIC for selected scenarios against 
experimental data from recent field campaigns  

Calculation of optical properties 
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Task C: Compute key quantities for black carbon impact 
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Ongoing work 

  Task A:  
•  Developing more tailored scenarios: Mumbai and New Delhi 

  Task B: 
•  Validating PartMC-MOSAIC with data from other field 

campaigns: CARES 

  Task C: 
•  Moving to online calculation of key quantities instead of post-

processing 

  Task D: 
•  Developing sectional model version to enable error 

quantification 

  Main challenge:  
•  Data availability (per-particle data) 26 



Outcomes 

  Develop a suite of case studies, some of which validated 
with observations from recent field studies, that provide a 
high-detail picture of the processing of black carbon 
aerosol in the atmosphere in different environments.  

  Calculate the evolution of optical properties and CCN 
properties, and deliver parameters for use in global 
model parameterizations. 

  Provide validation of PartMC-MOSAIC.  

  Estimate errors made by current aerosol models of 
different types due to simplified representations of black 
carbon mixing state.  27 


